Real Time Characterization of Protein Delivery Systems-A fiber optic coupled ATR-FTIR spectroscopy technique was applied to the study of two different therapeutic delivery systems, acid degradable hydrogels and nanoparticles. Real time exponential release of a model protein, human serum albumin (HSA), was observed from two different polymeric hydrogels formulated with a pH sensitive crosslinker. Spectroscopic examination of nanoparticles formulated with an acid degradable polymer shell and encapsulated HSA exhibited vibrational signatures characteristic of both particle and payload when exposed to lowered pH conditions demonstrating the ability of this methodology to simultaneously measure phenomena arising from a system with a mixture of components. In addition, thorough characterization of these pH sensitive delivery vehicles without encapsulated protein was also accomplished in order to separate the effects of the payload during degradation. By providing in situ, real time detection in combination with the ability to specifically identify different components in a mixture without involved sample preparation and minimal sample disturbance, the versatility and suitability of this type of experiment for research in the pharmaceutical field is demonstrated.
Introduction
Within the pharmaceutical research field, there is a growing need for techniques that probe delivery systems comprising different biomaterials for use in drug, protein, or DNA release. Characterizing the components of these systems while obtaining release kinetics are important aspects in development with implications for the administration and efficacy of the vehicle/payload system in vivo. [1] [2] [3] Currently, many studies focusing on release rely on aliquots taken from solution at certain time points and analyzed by chromatographic and/or spectrophotometric (UV-Vis, fluorescence) methods or specific analyte detection assays. [4] [5] [6] [7] [8] [9] [10] A method that could be used in situ and can detect both delivery system and payload with no involved sample preparation or purification would greatly add to the collection of methods available to researchers interested in therapeutics delivery.
Over the past decade, advances in infrared spectroscopic fiber optic technologies, particularly those exploiting attenuated total reflection (ATR) -Fourier transform infrared (FTIR) spectroscopy, have provided a convenient avenue for probing the complex interactions in solution. 11 These in situ fiber optic probes have shown great success when characterizing and optimizing reaction conditions, kinetics, intermediates, and elucidating mechanisms for multi-component mixtures. [12] [13] [14] The application of ATR-FTIR to the study of crystal growth and nucleation shows its ability to yield valuable information from complex, multicomponent samples for pharmaceutical applications. 15, 16 Despite a proven track record for acquiring real time data for a variety of different types of samples relevant to pharmaceutical research, 17, 18 this methodology has not been applied to the field of therapeutic and diagnostic delivery systems often comprising buffer salt solutions, polymeric material, surfactant, and protein or other payload to be released. Here we adapt this powerful tool to the examination of polymeric protein delivery systems. Highlighted in the current study are several applications and advantages of the in situ ATR-FTIR method. Most notably for the protein release studies considered in this paper, this method allows detection and characterization of both the delivery vehicle and payload, often simultaneously. Additionally, this methodology can be adapted to many different reaction vessels depending on the type of system under investigation without the complex sample cell often required for constant flow or agitation in typical ATR experiments. 19 In addition, no laborious sample preparation is required such as film formation, heating, desalting, filtering, or concentration of the sample of interest, which is required for many spectrophotometric detection methods involving chromatography. The relative flexibility of the probe results in greater portability of the instrument and a smaller footprint in the laboratory.
IR spectroscopy provides a powerful alternative method for studying release phenomena from a variety of potential drug delivery systems. Detection limits are higher for IR than other methods such as RP-HPLC or other assays commonly used for quantification. 20, 21 By nature, IR spectroscopy is a chemically specific technique due to its ability to probe vibrational frequencies from different functional groups thereby providing a distinct fingerprint of the molecules under study. In addition to this specificity, vibrational peak signatures such as frequency and spectral width convey valuable information regarding the environment of the system being investigated. 22 Other benefits include information gained without using a label as is necessary for detection by fluorescence, which can alter the native behavior of the tagged counterpart 23 and thus potentially the release behavior. Additionally, IR is a non-destructive technique and requires a relatively small amount of sample. 22 These are especially important when working with costly or scarce materials as is often the case in drug delivery development.
Past efforts using FTIR vibrational spectroscopy that have exploited the inherent chemical specificity of the technique to study pH responsive hydrogels did so using solid state samples prepared from dehydrated gels formed into pellets for characterization. 24 FTIR is most often used as a general characterization method in hydrogel studies. 25 ATR-FTIR also provided important information regarding protein adsorption to surfaces. [26] [27] [28] Han et al used a custom built sample cell to monitor the extent of polymerization using FTIR during hydrogel formulation for the purpose of drug delivery. 29 IR techniques have also been applied to the study of particle delivery systems. A few notable studies include work by Langer and coworkers using FTIR to characterize protein secondary structure upon release from microspheres 30 to assess extent of denaturation during the formulation process. FTIR spectroscopic imaging has previously been applied to the study of dissolution and release of polymer/drug formulations. [31] [32] [33] [34] Until now utilizing in situ FTIR spectroscopic methods for a combination of characterization and detection of release from hydrogels had not been realized. This paper illustrates the power of the in situ ATR-FTIR fiber optic probe technology by examining two different systems important to the drug delivery field, hydrogels and nanoparticles, with an encapsulated model protein human serum albumin (HSA). These protein delivery systems are characterized with the high level of chemical specificity inherent to IR spectroscopy. Additionally we detect, in real time, the release of encapsulated model protein upon applied external stimulus with no specialized sample preparation necessary for the experiment. Hydrogels sensitive to pH environment, 35 formed with an acid degradable crosslinker, 36 facilitate triggered release of the protein when in contact with a low pH aqueous environment as is found in tumors and diseased tissue. 37, 38 Polymers that are pH sensitive, 39, 40 previously synthesized and characterized in our laboratory, 41 make up the particle shell and encapsulate the protein. When exposed to acidic conditions, the polymer coating breaks apart releasing the payload.
We monitor both the degradation of the polymeric delivery materials as well as the release of encapsulated protein by following the IR absorbance signals and the specific vibrational frequencies of those bands attributed to these different components. These spectral parameters provide a qualitative picture of the systems' degradation and release mechanisms, which provides vital information necessary for biomaterial development.
Experimental Section

Synthesis of pH sensitive materials
The acid degradable crosslinker was prepared according to literature procedures. 42 The poly β-aminoester ketal polymer (referred to here as random copolymer) has been synthesized and characterized previously in our laboratory. 41 This synthesis and the formation of the hydrogels and particles are described in the Supplemental Information section.
In situ ATR set-up
The IR measurements were obtained using a ReactIR 45m spectrophotometer (Mettler Toledo) equipped with a liquid nitrogen-cooled MCT detector and the 9.5 mm AgX DiComp probe housing a diamond ATR crystal. The spectrophotometer was continuously purged with dry nitrogen during the measurements. The IR spectra were obtained in the 700 -2400 cm −1 range. Spectra were taken with an average of 256 scans per sample and a spectral resolution of 4 cm −1 . Baseline correction, ambient and solvent background subtraction, and peak height to single baseline calculations were performed for all spectra within the instrument software (iC IR). The baseline was a single point offset, however using alternative correction functions did not result in different spectral trends. Figure 1 shows a schematic of the different sample set-ups used in the hydrogel and particle experiments. Figure 1a and 1b depict the hydrogel and nanoparticle sample configurations respectively. More in depth details on the set-up, measurements, and spectral analysis can be found in the Supplemental Information section.
Results and Discussion
There are two primary absorptions from proteins within this frequency region of interest, the amide I and amide II vibrational bands (SI Figure 1 illustrates the chemical structures of the peptide backbone and a representative IR spectrum of HSA). The amide I vibrational band (~1650 cm −1 ) comprises mainly the C=O stretching vibrations of the peptide groups. The amide II (~1550 cm −1 ) vibration results from the NH in-plane bend and partially from the CN stretching vibrations. 43 The amide I band has the most single component nature, meaning that it mostly comes from the C=O stretch unlike the amide II which has more contributions from other vibrational modes, 43 so it is most commonly used for characterization of proteins by IR spectroscopy. Therefore, the remainder of the protein analysis presented here will focus on the amide I band rather than amide II.
Hydrogels
Figures 2a and 3a show the IR spectra of the empty (no protein encapsulated) polyacrylamide and polyethylene glycol acrylate (PEGA) hydrogels respectively. Shown in both figures are spectra of hydrogels formulated with the acid degradable crosslinker (black traces) as well as a non-acid degradable crosslinker bisacrylamide (red traces). In Figure 2a , the two most prominent vibrational bands appear at 1665 cm −1 and 1610 cm −1 indicative of the C=O stretch and NH2 bending motions respectively from polyacrylamide. 44 Below 1500 cm-1, there are also relatively strong spectral signatures for CN and CH modes present in the polymers of both hydrogel formulations. The pH sensitive crosslinker spectral signatures emerge at ~1200 -1150 cm −1 due to the C-O stretch from the ketal groups, which are not present in the hydrogels crosslinked with bisacrylamide. In Figure 3a , the PEGA hydrogels exhibit a strong absorbance at 1090 cm −1 from the C-O-C stretching vibrations of the polymer with weaker contributions at the higher energy portion of the spectrum attributed to the C=O (~1730 cm −1 ) and C=C (~1650 cm −1 ) stretches from the unreacted monomer. 45 This ability to unambiguously to detect the degree of polymerization is very important and can be crucial for systems where unreacted monomer can be toxic. 46 These spectra provide a detailed characterization of the hydrogels, in particular the subtle differences between the two crosslinked formulations, which is necessary in order to distinguish any release spectral signatures from those due to polymer degradation.
The protein release profiles over time of both the polyacrylamide and PEGA hydrogels formulated with both an acid degradable crosslinker and with bisacrylamide are shown in Figures 2b and 3b . The data depict the IR absorbance at 1650 cm −1 calculated as the height of the spectral peak to a single point baseline as a function of time. The measured absorbances tracked in these plots are attributed to the amide I (C=O stretch) group from the protein. In all the traces shown, the x-axis time value starts when the acidified buffer solution was added to the vial containing the hydrogel. The data have been normalized to a starting absorbance value of zero by subtracting each measured data point from the initial, time = 0 hrs, absorbance value. For each hydrogel system, there was spectral evidence of protein detected at time = 0 hrs due to protein on the hydrogel surface that is immediately released into solution when the buffer is added. Figures 2 and 3 show that over time there is an increase in the amide I absorbance peak height for both the acid degradable crosslinked hydrogels (black squares) and non-acid degradable/bisacrylamide crosslinked hydrogels (red circles) albeit to differing degrees. This holds for both the polyacrylamide and the PEGA hydrogels. The IR absorbance of the amide II band (NH bend, ~1550 cm −1 ) also increases (not shown) but the trend is far less pronounced.
Because the sample configuration is such that any IR signal must arise from components in the aqueous buffer solution, the increase in absorbance of the amide I bands depicted in Figures 3b and 4b provide evidence of the real time release of HSA from the hydrogels. Importantly, these plots convey information regarding the kinetic release profiles specific to the composition of the hydrogel. First, the hydrogels formulated with the acid degradable crosslinker exhibit exponential increases in protein absorbance signal consistent with the ketal hydrolysis kinetics 36, 47 that govern the degradation of the hydrogel and in turn the release of the protein. Once the hydrogel is in contact with the acidified buffer solution (time = 0 hrs), the IR absorbance of the amide I peak begins to increase over a period of ~3 hours. The rate of increase then slows and eventually levels off with little to no change in absorbance observed after 10 hours. Interestingly, the overall behavior and even the time frame are similar for both the polyacrylamide and the PEGA hydrogels.
To ensure that these release kinetics reflected a triggered release response upon exposure to low pH and not simply diffusion of the protein into the solution, hydrogels were formulated with a non-pH sensitive crosslinker (at the same molar ratio), bisacrylamide. In contrast to the exponential increase of IR absorbance over several hours, observed for the acid degradable systems, the bisacrylamide crosslinked hydrogels show an exponential increase over ~1.5 hours after which the absorbance levels off for both polymeric systems. The small initial increase in amide I signal is likely due to diffusion of the protein from the surface of the hydrogel over the short time. The amide I IR absorbance values at the end of the time frame of the experiments are lower for both polymeric hydrogels formulated with the bisacrylamide crosslinker compared to those formed with the acid degradable crosslinker indicating that less protein was released during this time.
The ability to distinguish between these types of release kinetics is critical for a thorough in vitro characterization of any delivery system behavior and is readily obtained with the ATR probe technology utilized here. To verify these results, HSA release was also monitored by UV absorption in a separate set of experiments using hydrogels prepared identically to those presented in Figures 2 and 3 . These results found in the Supporting Information (SI Figure  2) corroborate the release kinetics determined from IR. They also illustrate a key advantage of the in situ ATR-IR probe experiments over those from SI Figure 2 or other types of similar experiments, although this is not apparent from merely examining the plots. The IR probe technology does not require taking aliquots at certain time intervals for analysis. These labor and time intensive experiments (release profiles took the better part of a day each) are avoided by simply placing the ATR probe in the solution under investigation and beginning the spectral acquisition thereby saving a great deal of time and effort, which is invaluable to any researcher.
Another key advantage of this type of in situ ATR-IR spectroscopy is the ability to differentiate between different chemical components within a mixture. With the current setup, the ATR probe facilitates this by sampling the heterogeneous solution composition during each spectrum. The inset (blue trace) shown in Figure 2b illustrates this point. It shows a spectrum of the pH 5 buffer solution obtained after exposure to the polyacrylamide hydrogel with the acid degradable crosslinker for 10 hours. Unlike the spectrum shown in SI Figure 1 , there are more peaks present than just the amide I and II vibrational bands from the released protein, which are due to the degradation products of the polyacrylamide hydrogel. In particular, the C=O stretch of the acrylamide grows in on the high frequency side of the amide I peak as seen in the empty gel spectrum in Figure 2a . Although there is overlap between the two peaks, the resolution is high enough to readily distinguish between the different components of the protein delivery system obtained simultaneously without any additional experimental or sample manipulation unlike other techniques commonly employed for payload release studies.
Nanoparticles
Another important mode of protein delivery is through encapsulation in nanoparticles with degradable polymer shells, which release their payload through a variety of different mechanisms depending on the polymer's chemical makeup. An acid sensitive poly β-aminoester ketal polymer (referred to here as random copolymer), previously synthesized and characterized for this purpose by our laboratory, 41 was chosen to illustrate the ability of the ATR probe to characterize this method of protein delivery. The random copolymer shell has one predominant vibrational mode in the spectral window of interest with a central frequency at 1735 cm −1 (shown in SI Figure 3 ). This is attributed to the C=O stretch from the ester groups on the polymer backbone, which are circled on the chemical structure of the polymer shown in SI Figure 3 .
IR vibrational spectra of the particle suspensions formulated from the random copolymer without HSA at different pH values are shown in Figure 4a . These spectra focus solely on the ester peak trends and reflect what is occurring within the particles' polymer shell as the pH of the suspension undergoes a shift from basic to acidic leading to degradation of the particle shell. Figure 4b shows the absorbance peak height of the ester vibrational mode at different pH values. During the initial spectral acquisition of the particle solution at basic pH, the polymer shell is insoluble in aqueous conditions and the solution is a turbid particle suspension (Figure 4a, black trace) . With a slight decrease in pH to 7.4 ( Figure 4a , red trace) of the solution, there is an increase in absorbance of the ester peak. Upon further lowering the pH to neutral (Figure 4a , blue trace), the peak then decreases. The suspension begins to visibly clear. At slightly acidic pH conditions, the peak height of the green trace in Figure 4a is approximately the same height as in the initial basic solution and the solution is no longer turbid. Further decreasing the solution pH does not result in any difference in spectral appearance or peak height as shown in Figure 4b . In addition to the ester peak IR absorbance changes as the pH is lowered, there is also a shift in frequency observed in Figure 4a . The center peak frequency of the C=O ester stretch at basic and neutral pH is 1736 cm −1 . When the particle suspension pH is made slightly acidic (6.4 and lower), the ester C=O mode has a final vibrational frequency of 1715 cm −1 .
Further examination of these trends reveals insight into the behavior of the polymer particle shell as the pH of the suspension is lowered. The mechanism in Figure 4a shows how the random copolymer degrades leading to fragmentation of the particles depicted by the cartoon in 4b. Previous characterization of the polymer 41 showed decreasing the pH results in protonation of the amines along the polymer backbone rendering the polymer more hydrophilic. Once the polymer becomes more hydrophilic, it also has a higher aqueous solubility allowing increased uptake of water. Comparing the vibrational frequencies of the C=O stretching mode in both solid form (SI Figure 3 ) and suspended as the particle shell in slightly basic or neutral aqueous conditions (Figure 4a ), it appears at the same vibrational energy (~1735 cm −1 ). This indicates that the environment within the particle shell is similar to a thin film of polymer. As the polymer shell of the particle "sees" a more aqueous environment upon further lowering the pH of the suspension, there is a larger degree of dipole interaction capabilities between the ester C=O groups on the polymer with their surroundings. In this case, that could be either water molecules in the solvent or nearby positively charged amine groups. A higher degree of intermolecular interaction of these C=O stretching modes results in a decrease in vibrational frequency, indicative of a more highly coordinated or bonded environment, 22 as is shown in Figure 4a . Hydration of the polymer shell is then followed by acid catalyzed hydrolysis of the ketal groups along the polymeric backbone. The degradation products of the polymer in acidic conditions were verified by NMR. 41 To verify that the trends in Figure 4a and 4b are specific to the random copolymer mechanism in 4a, empty particles were also formulated with a non-acid degradable polymer poly(lactic-co-glycolic acid) (PLGA). Spectra of these particles under the same pH conditions as in the random copolymer case (SI Figure 4a) show two vibrational modes within the same spectral region. One is the C=O ester stretch (1760 cm −1 ) from the polymer and the other is a C=O stretch from the carboxylic acid group (1720 cm −1 ). Unlike the ester stretch mode seen in Figure 4 for the random copolymer particles, there are no frequency shifts for either C=O mode present as the pH of the PLGA particle solution goes from basic to acidic. The peak height of the ester stretch as a function of pH (SI Figure 4b) exhibits little change in absorbance as the suspension drops below pH 6. Together this shows that the spectral trends depicted in Figure 4 for the particles composed of the random copolymer pertain to the acid degradable characteristics unique to its chemical makeup. The degradation at mildly acidic conditions is captured by the vibrational spectroscopic trends shown here without any purification or manipulation of the particle suspensions demonstrating the suitability of this method for characterization of polymeric particle systems. Figure 5 shows IR spectra of particles formulated from the random copolymer encapsulating HSA at different pH values. The three vibrational bands of interest present in these spectra are the C=O ester stretch from the polymer backbone and the amide I and II vibrations from HSA. The peak absorbance height trends for the ester (blue trace) and amide I (red trace) modes are plotted versus pH as well in Figure 5 . Starting with the high energy portion of the spectra, the ester stretch mode behavior exhibits an initial increase in absorbance followed by a decrease that levels off with sequential additions of acid. The stretching frequency of the C=O mode also undergoes a shift to lower energy upon lowering the pH of the particle suspension. These data are very similar to what was shown for the empty particles in Figure  4 indicating that the presence of the protein does not greatly influence the polymer shell degradation. While this may not hold for all payloads envisioned for delivery using this type of particle, it is promising that a potential therapeutic with such a relatively large size as a serum albumin protein does not interfere with the acid degradable properties of the particle which are vital for use in delivery to areas exhibiting slightly acidic conditions as are found in tumors and diseased tissue. This finding provides yet another example of the utility of the current IR method for therapeutic delivery research where in situ, simultaneous examination of all components of a system gives a much more complete picture than simply examining the payload alone.
In addition to the ester peak trends, Figure 5 also displays an increase in absorbance for the protein vibrational amide I signature as the pH of the solution is lowered. It is important to note here that the particle suspension is only stable in slightly basic conditions so in order to monitor degradation, the pH much must be lowered in a fashion that involves dynamic changes in both acid and protein concentration thereby complicating the spectral interpretation. In the hydrogel experimental set up from the previous section, the pH could be kept constant and changes in protein concentration were measured in solution that could be directly attributed to HSA released from the gel. Comparing the magnitude of change in IR absorbance peak height versus pH for the acid degradable hydrogels (Figures 2b and 3b) to that of the nanoparticles ( Figure 5) , we see that both systems show a similar degree of increase in amide I protein absorbance. These similarities are likely due to the use of a similar acid degradable chemical structure used for the crosslinker and the polymer shell for both the hydrogel and particle systems respectively. However, we cannot solely attribute these increases to release from the particles because spectra acquired of the protein in solution (no polymer) with added acid also showed slight increases in absorbance. The spectra reveal a vibrational response of the protein from a combination of factors as the polymer shell degrades upon making the particle suspension acidic, including release from the inner aqueous layer of the particle and exposure to slightly acidic conditions as the water uptake of the particle increases. The lack of a frequency shift for either amide vibrations throughout the pH series signifies retention of a similar aqueous solvation environment surrounding the protein throughout the particle degradation process. The spectra shown in Figure 5 exemplify the ability of the current spectroscopic method to concurrently analyze both the particle and the payload during a given experiment.
Conclusions
As interest in protein delivery continues to increase and new delivery materials are developed, 48, 49 methods for studying these materials must be established that provide adaptability and ease of data acquisition. To our knowledge, this is the first demonstration of in situ vibrational infrared spectroscopy for the real time monitoring of protein release. We have shown that the combination of ATR-IR spectroscopy with a fiber optic probe allows real time, in situ examination of both pH responsive hydrogels and nanoparticles that undergo degradation when exposed to mildly acidic conditions. By examining chemically specific vibrational frequencies, these two important therapeutic delivery systems are characterized with and without an encapsulated model protein, human serum albumin. Both materials show different behavior when exposed to acid in comparison to their non-acid degradable counterparts commensurate with their chemical degradation kinetics. The real time pH stimulated protein release from two different widely used hydrogels was directly probed without any modification or complex sample manipulation. The process of particle degradation was followed with and without protein, giving further insight into the complex environment present in polymeric nanomaterials.
The methodology presented here can be applied to research involving protein diffusion through hydrogels such as characterization of the presentation of growth factors. 50 IR spectroscopy also allows for further characterization of the released protein by probing secondary structure to determine integrity after formulation. 30, 51, 52 Future endeavors in the realm of pharmaceutical delivery include the ability to probe different types of systems such as drug release profiles. In addition, the non-destructive nature of the technique makes it ideal for the extension of studies to the in vivo realm. 53, 54 
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Refer to Web version on PubMed Central for supplementary material. Schematic of the in situ ATR-FTIR sample vessels a) hydrogel lies in the bottom of a vial with the acidic buffer and probe above b) three-neck round bottom flask allows access to the nanoparticle suspension for the probe, pH electrode, and acid. a) IR spectra and major vibrational assignments of polyacrylamide hydrogels formulated with the acid degradable crosslinker (black trace) and a non-acid degradable crosslinker bisacrylamide (red trace) with no encapsulated protein and the chemical structure of the acid degradable crosslinker b) Peak height to a single baseline IR absorbance of the amide I C=O stretch of released HSA at pH 5 over time from hydrogels formulated with the acid degradable crosslinker (black squares) and a non-acid degradable crosslinker bisacrylamide (red circles). Markers are data points and the solid lines are fits to the data. Inset: IR spectrum after hydrogel degradation showing the polyacrylamide vibrational bands in addition to the released protein. a) IR spectra and major vibrational assignments of PEGA hydrogels formulated with the acid degradable crosslinker (black trace) and a non-acid degradable crosslinker bisacrylamide (red trace) with no encapsulated protein and the chemical structure of PEGA b) Peak height to a single baseline IR absorbance of the amide I C=O stretch of released HSA at pH 5 over time from hydrogels formulated with the acid degradable crosslinker (black squares) and a non-acid degradable crosslinker bisacrylamide (red circles). Markers are data points and the solid lines are fits to the data. a) IR spectra of empty particles formulated from the random copolymer at different pH values. Mechanism showing exposure to mildly acidic conditions facilitates Step 1: protonation of amines allowing Step 2: hydration followed by fragmentation of polymer. b) Ester peak heights as a function of pH. Cartoon of random copolymer particle degradation. Top: Peak absorption versus pH for the ester and amide I vibrations Bottom: Random copolymer IR spectra at different solution pH values during particle degradation. Gray arrows indicate direction of amide bond absorbance trend with lowered pH.
